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The motion picture film of the Kennedy assassination taken by Abraham Zapruder was one 
of the most important exhibits examined by the Warren Commission. The author uses the 
tools of the physicist to draw some conclusions that escaped the notice of the Commission 
and its expert Fill photointerpreters. Among the subjects treated arc (I) the timing of the 
gun shots, (2) a theoretical and experimental investigation of the "backward snap" of the 
President's head immediately after he was killed — yielding the surprising result that it was 
consistent with a shot fired from the rear, (3) the speed at which the camera was running, 
and (4) a previously undetected deceleration of the President’s automobile just before the 
final shot. The emphasis throughout is not on the assassination but rather on the application 
of elementary physics principles to the solution of practical problems. 



EDITOR'S NOTE 

We publish this article by l.nis Alvarez far its unique 
pedagogic usef ulness. Il brings la hear tm a matter of public 
concern powerful and simple physical arguments that are 
within the reach ofintnuluelory physics students It shows 
a physicist at work employing qualitative arguments, es- 
timates, measurements, and calculations appropriate to 
the problem and to the accuracy of data available. 

As always, we welcome readers ’ responses to this article 
and will select some for publication according to their 
appropriateness and the space available. We are interested 
in comments on procedures which Professor Alvarez uses 
to reach his conclusions and on the pedagogic uses it) which 
the article ran he put. We do not feel that this Journal is 
an appropriate Jorum for a discussion of alternative 
theories of the assassination. 

I. INTRODUCTION 

In the eleven years since the Warren Commission pub- 
lished its 26-volume report 1 on the assassination of Presi- 
dent Kennedy, a controversy has continued over the validity 
of .the Commission s findings. Dozens of btxiks and countless 
articles have been written to show,. for example, that Lee 
Harvey Oswald had nothing to do with the event, or that he 
was part of a conspiracy with the CIA or other parties in 
planning the assassination. Some of the books, such as Mark 
l ane's Rush to Judgement, 2 were best sellers. In December 
1966 Iz squire published an article 1 listing 35 different 
theories that had been advanced by as many authors, each 
suggesting a variation on the Warren Commission's official 
scenario of the assassination. And since then, many more 
theories have appeared. 

In the light of such a long history of unsettled contro- 
versy, the reader might well wonder why yet another author 
would feel moved to write on the subject. The reasons arc 
quite simple; in the first place, I continue to read, and to 
hear on radio and television that, “The laws of physics re- 
quire that the President must have been shot from the front, 
whereas the Warren Commission places his assassin, Lee 
Harvey Oswald, behind him." 

Such statements involve the backward snap of the Pres- 
ident's head, immediately after the shot that killed him. I 
will show, both theoretically and experimentally, that such 
statements are simply incorrect; the laws of physics arc 



more in accord with the conclusions of the Warren Com- 
mission than they arc with the theories of the critics. 

My second reason for writing this report is to show how 
an experienced physicist attacks a new problem. Textbooks 
tend to indicate that problem solving in physics is a 
straightforward matter; one proceeds step by step from the 
input data to the final answer. But in real life, as I will show, 
a physicist makes many mistakes, and backs up to correct 
them, one by one. (To those who feel the personalized style 
of this report is an uncorrccted error, I apologize; the earliest 
version was intended only for a few friends, where the liberal 
use of personal pronouns wouldn't cause offense. When the 
report was finally finished, the task of squeezing all the first 
person singular pronouns out of the text seemed loo for- 
midable, so the author hopes the reader will accept his 
apology.) 

After a decade of exposure to the various theories of the 
assassination,.! have at least one advantage over the earlier 
writers. I've watched each new writer in turn criticize the 
earlier ones for speaking authoritatively in areas in which 
they weren't experts. I will, therefore, speak with authority 
only in areas in which a judge would most probably accept 
me as an “expert witness.” For this reason, the reader will 
be spared any thoughts of mine on conspiracies, medical 
reports, the CIA, or ballistics. I haven't counted the number 
of times I have agreed with, or disagreed with the Com- 
mission’s findings; I've done both in several different in- 
stances. 

One of the aspects of physics that makes it appealing to 
those of us who practice il as a profession is that calculations 
and the results of experiments can be repeated at will. So 
all of the interesting observations I’ve made on the Zapruder 
assassination movie film can be repeated by anyone suffi- 
ciently interested in such matters. (And all of them have 
been duplicated at least once by others.) Most of the con- 
clusions I reach will seem reasonable to physicists, but in 
one case I will simply give my “best guess," and not try to 
do any more persuading. 

This report will cover my analysis of several events ap- 
pearing in the assassination film, some theoretical calcu- 
lations relating to the “head shot," and some firing range 
experiments that validated the theoretical conclusions based 
on the laws of physics as I have taught them for the past 40 
years. My observations, analyses and conclusions also relate 
to the timing of the shots, the speed at which the camera was 
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|-jg | |)c;ilcy IMu/ji, Dallas. Texas. 22 November 1963. Prcsnlem Ken- 
nedy's mute is shown down M;iin Street :iml 1 1 on si on Street, turnini! onto 
P.lm Street, in front of the Book Depositary Building, where I ec I lurvey 
Oswald was employed Mr. /apruder photographed the President’s car 
throughout its passage along I Im Street, until it disappeared under an 
overpass Physical evidence will be presented for three shots, at /apruder 
frames 177.21 5. and 3 1 .V 



running — boih mailers of some dispute, and to a s harp, 
d eceleration of the Pr esident's car just before the President 
was ktllcti.-J .u Hte best of my khtmlcdue. Iliis strange be^ 
havior on the part of the President \s driver has gone unno- 
ticed by everyone else; I suggest a reason for ii. 

In pointing out some conclusions that seem persuasive 
to me as a physicist, I do not wish to give the impression that 
I think that a physicist’s way of arriving at "the truth” is the 
best way or the only way. It works well in the world of 
physics and so long as I confine my attention to the physical 
evidence in the Kennedy assassination, I feel that my con- 
clusions can be of help in elucidating what took place in 
Dcalcy Plaza, Dallas, on 22 November l%3 (see Fig. I). 

II. THE FILM, THE COMMISSION, AND THE 
CRITIC'S 

A remarkable moving picture record of President John 
F. Kennedy's last living moments was taken by Abraham 
Zapruder in Dallas on 22 November 1 063 . The /apruder 
film was viewed several times by the Warren Commission, 
and extensive testimony was presented to the Commission 
by FBI photoanalysis who had made detailed studies of the 
film, frame by frame. Nevertheless, a good many substan- 
tive observations were missed by the photoanalysts, and 
some of the information they gave to the Commission was 
incorrect. 

With the publication of the 26-volumc series containing 
the evidence presented to the Warren Commission, 1 to- 
gether with a transcript of the hearings,;! group of “Warren 
Commission Critics” came into being. These critics, or 
assassination buffs as they are sometimes called, have gone 
over the voluminous ’‘exhibits” with fine-toothed combs, 
and have found many errors and contradictions. The as- 
sassination buffs attribute most of the errors to more than 
the sloppiness of a rapid publishing effort; they feci that the 
Warren Commission didn’t do a thorough enough job in 
investigating many leads, and some of them take the posi- 
tion that the Commission actually ignored or suppressed 
evidence that Oswald was part of a conspiracy. 



I was quite unaware of the strong criticism of the Warren 
Com mission's actions when I first drew some conclusions 
Irom a study of the /apruder film. A simplified and not too 
convincing report on my analysis ol the timing of the shots 
was presented in a four-hour CBS documentary television 
program. “The Warren Report. 25 2X June l ( Jf>7, the text 
of which is reproduced in Stephen White’s book on that 
documentary 4 It is difficult to explain a rather technical 
matter to a lay audience, and in a short space of lime. I hope 
that the lifting of such limits in this report will permit me 
to explain the methods I used and the conclusions I drew. 

III. HOW MANY SHOTS WERE FIRED, AND 
WHEN? 

Publication of the Warren Commission Report and its 
supporting documentation initiated an intense controversy 
involving the timing of the shots. Witnesses testified that 
as few as two and as many as six shots were fired. 

The Commission, noting among other bits of evidence, 
the presence of three spent cartridge eases on the sixth floor 
of the Book Depository Building near the abandoned 
Mannlieher Carcano rifle, concluded that three shots had 
been fired by Oswald. They decided that one of the shots 
missed the car; this missing shot could have been either the 
first or second one fired, but the C ommission favored the 
hypothesis that the second shot was the one that missed. The 
Commission decided that of these two early shots, the first 
one probably passed through the President’s body before 
wounding Governor Connally of Texas, who was riding on 
a “jump seat” just ahead of the President, and the third one 
struck and killed the President in frame .113. Governor 
Connally slated quite positively (in the 25 November 1%6 
issue of Ufi) that he wasn't wounded by the first shot; his 
testimony was based on his recollection that he heard a shot, 
turned around, and was later wounded. His story agrees 
better with the shot timing to be developed in this section, 
which in turn is not in conflict with the Commission's “al- 
lowed but not favored” conclusions. My reasons for pre- 
ferring physical evidence to the recollections of even the best 
witnesses are highlighted by noting that the Governor was 
not even aware that he had received bullet wounds in his 
wrist and in his thigh until after he had been admitted to the 
hospital and operated upon. 

Several years after I wrote the previous sentence, I read 
a fascinating article in Scientific American by a man who 
qualified as an expert on the reliability of “eyewitness tes- 
timony.” Robert Buckhout wrote 5 : 

“Eyewitness testimony is unreliable. Research and 
courtroom experience provide ample evidence that 
an eyewitness to a crime is being asked to be some- 
thing and do something that a normal human being 
was not created to be or do. Human perception is 
sloppy and uneven, albeit remarkably effective in 
serving our need to create structure out of experi- 
ence. In an investigation or in court, . . . [the prose- 
cution and the defense], and usually the witness, too, 
succumb to the fallacy that everything was recorded 
and can be played back later through questioning.” 

The above-mentioned issue of Life arrived on the day 
before Thanksgiving, and because of it I gal very little sleep 
that long holiday weekend. It contained a set of reproduc- 
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r>s m color of selected frames from the Zapruder film, 
illtt'iraiing tht controversy between the Commission and 
tin* t iovernor. With my many years of experience in ana- 
Iwinii bubble chamber film, plus some moonlighting ae- 
ti\ i lies in photographic detective work as a background, I 
m»oii found myself completely engrossed in the Zapruder 
frames. My first observations and their subsequent “ex- 
planation** turned out, as I showed later, to be quite incor- 
rect But by the time I knew my first conclusions were 
wrong. I had devoted so many hours to a study or the pic- 
tures that I was subsequently able to see some things that 
I do believe have significance. 

M\ attention was drawn to the wa) the flag, at the left 
front lender of the President’s ear, changed its shape Irom 
frame to frame in the Life photographs. I remembered that 
at Almagordo. linnet) Fermi had almost instantly measured 
the explosive yield of the first atomic bomb by observing 
how far small pieces of paper which he “dribbled” from his 
•hand, were suddenly moved away from “ground zero" by 
the shock wave, (lie had a precomputed table of numbers 
in his pocket, so he knew the explosive energy of the bomb 
long before any of the official measurements had been an- 
alyzed.) I thought I detected a deformation of the Presi- 
dential flag under the influence of the shock wave generated 
by a nearby bullet, from an elementary calculation in- 
volving the known propert ies of shock waves from bullets, 
and an assumption as to the surface density of the flag, it 
seemed to me reasonable to believe that the motions I de- 
tected were indeed due to the action of shockwaves. If such 
a conclusion could be confirmed, the vexing questions 
concerning the timing of the shots might be solved. (My 
knowledge of the strength of shock waves from bullets came 
from an experience I had in World War II, with W. K. H. 
Panofsky, who had built and was testing a “firing error 
indicator." This device was towed behind a plane, in a 
“sleeve," at which gunners fired for practice. It contained 
two microphones that recorded the shock waves from 
passing bullets.) 

The frames reproduced in UJe showed a total of only 1 .3 
see of the critical moments in Dallas, so I had to wait until 
the following Monday to examine the sequence of 160 
frames in the Law School Library's copy of the Warren 
Commission “exhibits." 6 When I saw the full set of frames, 
it was clear that the flag was simply flapping in the breeze. 
But the thought that effects of the individual bullets might 
show in the film was still very much in my mind. As I 
scanned the selected color photographs in Life and the full 
set of black and white copies in the exhibits, I noticed a 
striking phenomenon in frame 227 (Fig. 2). All of the in- 
numerable point like highlights on the irregular shiny sur- 
face of the automobile were stretched out into parallel line 
segments, along the “8 o'clock 2 o'clock" direction. In the 
plane of the automobile, the parallel streaks appeared to be 
about 10 in. long. 

To appreciate the significance of the streaks, one must 
remember that each frame of moving picture film is not an 
instantaneous snapshot, but a time exposure that lasts for 
about one- thirtieth of a second. For a point of light on the 
car to be spread out into a streak on the film, the optical axis 
of the camera must have an angular velocity relative to the 
line joining the camera and that point of light IT most of the 
frames had shown streaking, one would simply have con- 
cluded that Mr. Zapruder was a “sloppy tracker" who 
couldn’t follow the motion of the President's car as it moved 




l ig. 2. Ziiprudcr frames 227 (top) and 22X (boliom) Note that the 
highlights on the ear which appear in frame 22K as points, are drawn out 
into streaks (along the X uVltick 2 o’clock direction) in frame 227. 

past him. as he “panned" his camera to keep the President 
in his field of view. But the highlights showed as sharp points 
of light in most of the frames. 

If we “transform" to a rotating coordinate system in 
which the car and the camera axis arc at rest, we can better 
understand the significance of the streaks. In this system, 
a streak means that the camera axis has an angular velocity 
relative to the coordinate axis, and this means lhat a torque 
has been applied to the camera to produce the angular ac- 
celeration that gave rise to that angular velocity. Such a 
torque could be produced by a muscle spasm, or by a passing 
shock wave from a bullet. (I guessed lhat the frightening 
crack of a bullet in Dealcy Plaza would set Zapruder's 
neuromuscular system into a temporary spasm. This phe- 
nomenon was demonstrated in the CBS documentary series, 
as we shall see.) For a long time. I thought that I had been 
the first person to attribute significance to the streaks I’ve 
just mentioned. But apparently Harold Weisberg did it first 
in his book Whitewash. 1 

My interest in moving picture camera jitter arose when 
I was photographing animals in Africa in the summer of 
1962. I was bothered by my inability to suppress all visible 
jitter in a long focal length movie camera used without a 
tripod, and I started thinking of ways to build optical 
compensators so lhat hand-held movie shots would not cx- 
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hibit the jitter that usually distinguishes amateur movies 
from those made on tripods by professionals. One night in 
Nairobi. I invented a solution to the problem. The Bell and 
Howell Company, which incidentally built Zapruder's 
camera, was supporting my development of working models 
of the movie camera stabilizer at the lime the President was 
shot, and my U.S. camera stabilizer patents arc owned by 
Bell and I lowed. In the course of my work in movie camera 
stabilization, I learned that the jitter frequency ol a hand- 
held optical device docs not depend to first order upon the 
weight or the moment of inertia of the device, in spite of 
what a physicist's intuition would suggest, but instead de- 
pends mainly on the time constants of the neuromuscular- 
feedback system. Most people have a peak in their jitter 
power spectrum at about 3 cyclcs/scc. As we shall soon see, 
this frequency appeared in Zapruder’s jitter spectrum when 
his neuromuscular system was set into oscillation— pre- 
sumably by the sharp “crack” of the bullets. 

Many people who have heard of my observation of 
“streaks” in the Zapruder film have concluded that the 
presence of such streaks is the important phenomenon, and 
that if someone tabulated the frames showing streaking, he 
would be repeating my observations. Pven though CBS 
presented the data in this highly oversimplified manner, the 
presence of the streaks simply indicates that the angular 
velocity of the optical axis of Mr. Zapruder’s camera (about 
a nearly vertical direction) did not match the angular ve- 
locity of the President’s car, as it drove down Pirn Street 
(Pig. I). Such a mismatch in the two angular velocities 
would cause the image of the car on the H-mm film to move 
relative to the edges of the “filmgatc,” during the roughly 
30-mscc exposure, and this motion would give rise to the 
streaking of the pointlike highlights. It is obvious that no 
information of any importance can be attached to such 
streaking, because no one can perform “hand tracking” 
accurately enough to avoid all streaking. 

My observations involved the measurements of the 
streaking, but I didn’t plot the meaningless streak length 
proportional to the mismatch in angular velocity, Acj- but 
instead, the angular acceleration, rr, averaged over two 
successive frames. Under normal conditions, when Au) is 
large enough to give appreciable streaking, the angular 
acceleration— given by the difference in the lengths of the 
streaks in two successive pictures— is too small to be mea- 
sured, since the streak lengths in successive frames arc al- 
most equal. The plot I made and showed to my friends at 
CBS is reproduced in Pig. 3. The frame number runs ver- 
tically, as on the film itself, and the angular acceleration of 
the camera axis is plotted horizontally. Since each measure 
of or involves the subtraction of streak lengths, Aa)„ + , and 
Aaj„ on two successive frames, the value of o „+|/2 is plotted 
at a “half integral frame number,” midway between the two 
frames whose subtracted streak lengths are involved. In 
order to find or, one needs to know the “sign” of each of the 
two AcZs to be subtracted. In other words, we must find out 
for each streaked frame whether the camera axis was 
moving toward the back or toward the front of the car. It 
turns out that the sign of Au>„ can be found quite unam- 
biguously, simply by observing where the camera was 
pointing on the n — 1 and the n + 1 frames. When I was 
assigning a plus or minus sign to each of the Auj’s by this 
technique, I found that the only place this technique didn’t 
work was for frames 314 and 315. A closer examination 
showed that the numbering of these two frames had simply 




Fig, 3 Angular acceleration of Mr. Zapruder’s camera, frame by frame. 
The frame numbers run vertically from 170 through .134 The angular 
acceleration for the n 4 '/» frame is plotted us abscissa, in arbitrary units 
t acit such acceleration is determined by subtracting the length of the 
streak in the /rth frame from that in the n + I frame, after assigning an 
algebraic sign to the streak length in each frame. (Sec text for details ) 
Accelerations plotted to the left are **ck»ck wise looking down.** Shots are 
associated (in the text) with pulse trains starling at about IK2, 221. and 
313. 



been interchanged in the “exhibits,” and when they were I 
properly labeled, the signs of all Acu could be determined 
without ambiguity. Although I later found that the inter- 
change of these two frames was well known to the assassi- 
nation buffs, the manner in which I delected it convinced 
me that my determination of the signs of the Au>’s, and 
therefore the signs and magnitudes of the <»*s were com- 
pletely objective. 

Pigurc 3 is a reproduction of my original graph of angular 
acceleration versus frame number. Angular accelerations 
plotted to the left correspond to motions of the camera axis 
that arc “clockwise looking down.” (The motion of the car' 
and of bullets from the Book Depository arc also clockwise 
looking down, us seen by Mr. Zapruder.) Thus the torque 
acting on the camera between frames 312 and 313 was • 

“negative,” meaning that it could have been caused by a 
direct interaction of the shock wave from the bullet that hit 
the President in frame 313, with the left hand side of Mr. t 

Zapruder's camera. (This is important because the impact ! 

of the bullet can be seen in frame 313, and there isn't enough 
time available for the relatively sluggish neuromuscular 
system to have produced the observed torque on the camera 
axis.) ; 

When I saw Fig. 3 for the first time, I fell confident that 
the trains of pulses of angular accelerations were largely the 
results of the excitation of Zapruder's neuromuscular sys- 
tem, by the sounds of bullets in Dcaley Plaza. I had no ex- 
perimental data to show that a camera would undergo such 



violent angular accelerations if held by a person who was 
startled by the sound of gunfire. But such a test was made 
for CBS by a firm well known to physicists Fdgertun, 
(iermeshausen, and Greer and films of the lest were 
shown on the CBS program. While the audience watched, 
cameras held by two separate cameramen shook quite vi- 
olently in response to gunfire, as Walter Cronkitc was 
saying. 8 

“Just as a rough check on [the Alvarez) theory, we 
decided to try it ourselves, using other cameramen 
holding similar cameras, standing on a rifle range, 
filming an automobile while a rifleman fired over 
their heads. 

“These two volunteers are aiming their cameras at a 
parked limousine Their instructions: ‘I lold the cam- 
eras as steady as possible, and keep filming no mat- 
ter what happens.’ The shots will come between 
them and the car. The cameramen arc as far from 
the firing platform as Mr Zapruder was from the 
sixth floor of the Book Depository. (Sound of gunfire 
in background. | 

“The reaction was obvious. The film taken b) these 
cameramen showed the effect of the shots, despite 
instructions to hold steady. Fvcn in steadier hands, 
motion was always noticeable. This frame shows 
highlight dots around the ear’s windshield. In reac- 
tion to a shot, the dots changed to crescents. And in 
the following frame the) became streaks, compara- 
ble to streaks found in some frames from Mr. Zapru- 
dcr's film.’’ 

In view of these tests, I feel that few persons would now 
dispute i he cause and effect relationship between the shots 
in Dcalcy Plaza and at least some of the trains of streaks in 
Mr. Zaprudcr’s otherwise well- 1 racked movies. If we accept 
this relationship, wc can use the locations of the trains of 
streaks to shed useful light on the important question of the 
timing of the shots. No conclusions of the Warren Report 
have been so disputed as those concerning the timing of the 
shots, and the damage done by each bullet. Most observers 
remembered that three shots were fired, but the recollec- 
tions embraced a range from two to six. Three spent car- 
tridge cases lay on the floor by Oswald's Mannlichcr- 
Carcano rifle abandoned near the sixth floor window of the 
Book Depository, overlooking Dcalcy Plaza. According to 
the Warren Commission Report, p. 110, 

. . the nearly whole bullet discovered at Parkland 
Hospital | to which the President was taken directly 
from Dcalcy Pla/a) and the two larger fragments 
found in the Presidential automobile, which were 
identified as coming from the assassination rifle, 
came from at least two separate bullets and possibly 
from three." 

One of the “boundary conditions" on the liming of the 
shots (assuming there were three- one from each ejected 
cartridge) was the FBI’s finding that a skilled marksman 
could not space his shots more closely than 2.3 sec, or 42 
frames of Mr. Zaprudcr’s camera, with its measured frame 
rate or 18.3 per second. (I will discuss the frame rate later 
in this article.) 



No problem was involved in deciding when the third and 
fatal bullet was fired; the gory photograph labeled frame 
3 ! 3 settled that question quite conclusively. The fates of the 
first and second bullets were debated at length by the 
Commission, and the following conclusion emerged: a 
bullet, fired in a one-second interval between frames 206 ' 

and 225, wounded the President by passing through his neck, 
and then wounded Governor Connally, who was seated just 
ahead of the President. This so-called “single bullet theory" 
as we have already learned, was later challenged by Gov- 
ernor and Mrs. Connally. 

The Commission decided that the other bullet was never 
recovered, and after giving reasons to suggest that it could 
have been fired either before or after the shot that was 
identified as vsounding the two men, the Commission fa- 
vored the suggestion that the unrecovered bullet was fired 
after the one that wounded them. 

If we now look at f ig. 3 in the light of this background 
material, we sec I ha l the obvious shot in frame 313 is ac- 
companied immediately by an angular acceleration of the 
camera, in the proper sense of rotation to have been caused 
directly by shock-wave pressure on the camera body. The 
human nervous system cannot transmit signals fast enough 
for the angular acceleration between frames 312 and 313 
to have been caused by Mr. Zaprudcr’s muscles reacting 
to impulses from a brain that had been startled by the shot 
lhat killed the President. The expected neuromuscular re- 
action occurs about one-quarter to one-third of a second 
later, as shown by the large accelerations near 318. (I’ll 
adopt five frames as Mr. Z.apruder’s experimentally de- 
termined reaction time, for reasons to be discussed later.) 
Another large acceleration peak occurs about two-thirds 
of a second after this group, so wc observe three out of a 
possible four pulses spaced very nearly the canonical one- 
third of a second apart. For those readers who arc surprised 
that the neuromuscular response time is so long, let me re- 
call a common “parlor trick”: .4 bets B that if A drops a 
vertically held dollar bill without any warning, B cannot 
slop its fall by pinching his fingers together, if his fingers 
are poised, ready to clamp together, at the bottom edge of 
the bill. The fact lhat the bill can almost never be slopped 
(unless A gives a precursor signal with his fingers) indicates 
that a nervous system “on hair trigger” takes more than 
one-sixth of a second (3. 1 frames) to respond to an optical 
stimulus. 

If we look between frames 206 and 225, the onc-sccond 
interval in which the Commission suggested the “wounding 
shot” was fired, wc see the start of a one-second-long train 
of pulses, spaced very nearly one-third of a second apart. 

We further note that the initial pulse of the scries, at 221 .5, 
is not in the proper direction to have been caused by a direct 
interaction of the shock wave with the camera: the camera 
turns toward, rather than away from the shock wave. The 
shock wave from a bullet fired from the Book Depository, 
toward the car in its position at the time of frame 221 would 
have been considerably weaker at Mr. Zaprudcr’s station 
than the shock wave in frame 313, so the lack of a direct 
physical interaction at the time of this earlier shot is not 
surprising. I therefore conclude that the accelerations at 
220.5 and 221.5 were caused by Mr. Zaprudcr’s neuro- 
muscular response to an earlier stimulation. If wc use Mr. 
Zaprudcr’s thereby observed oscillation period of about five 
frames (which is close to the expected value), wc place the 
"wounding shot” at about 2 1 5.5. I find it most interesting 
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that although the determination of 215.5 as the frame 
number of this shot was derived directly from the appear- 
ance of the streaks, it is exactly halfway between two limits, 
only one second apart, set by the Warren C ommission from 
very different data. 

If we convert the Commission's language into the ver- 
nacular of the physicist, their conclusion could be staled: 
“The bullet that wounded the President and Governor 
Connally occurred at frame 215 ± 10." Although I would 
not have expected the conclusions of two such different 
studies to agree so closely, it is true that my estimated frame 
number for one of the two disputed shots agrees with the 
Commission's best estimate to within less than one-tenth 
of u second. The Commission based its findings largely on 
an examination of what the people in the car were doing; 
President Kennedy “seemed to be reacting (in frame 225) 
to his neck wound by raising his hands to his throat.'* 9 

I will ignore the two small accelerations between frames 
245 and 280; each is caused by a single frame in which I 
judged that highlights might be smeared slightly more than 
the normal smearing caused by the imperfections of the 
half-tone process. I will return later to the short sequence 
of significant pulses starling at 290 since they require an 
explanation. They seemed to me to have less intensity, and 
to last a much shorter time than the three sets of pulses I 
identified as being triggered by bullets. I eventually found 
what I think is a reasonable explanation, not only for these 
angular accelerations, but also fora pu//ling deceleration 
of the President's car at the same time but that is getting 
a bit ahead of the story. 

Because of the quietness of the acceleration graph be- 
tween the pulse trains starting at 221 and 21.1 (except for 
the pulses which I feel have other explanations), and be- 
cause of the obvious train of pulses starting at 182, I favor 
•the view that the Commission's “missing shot" initialed this 
first train of pulses. My best estimate of the time of this shot 
is therefore 182 minus 5 (for Mr. Zapruder's calibrated 
time delay), or frame 1 77. 

The Commission noted that about that time, the Presi- 
dent’s ear was partially obscured from the sixth floor win- 
dow, as it passed under a large tree. In a very thorough 
reenactment session in Dcaley Plaza, photographs were 
taken by the FBI from the window near which the rifle and 
three spent cartridge eases were found. A limousine was 
moved along Him Street, into positions corresponding to 
known frame numbers, and the Commission report repro- 
duced sample groups of corresponding pictures: ( I ) from 
Mr. Zapruder's camera. (2) from the FBI camera in the 
sixth fkiur window showing the appearance of the limousine 
and a man sitting in the President’s scat, and (3) from an 
FBI camera with a field of view equal to that of Mr. Za- 
pruder's movie camera, located at the position from which 
he photographed the assassination. The FBI pictures cor- 
responding to frames 166 and 186 arc reproduced in the 
Commission's report, and both show that the President was 
clearly visible through the branches of the intervening tree 
in both views. It appears that the President had been 
unobseured before 186, during which lime the gunman 
would have had a good opportunity to track him, and match 
the angular velocity and angular position of his gun with 
that of the President’s body. The fact that the President’s 
head might have been partially obscured by branches for 
one-half a second, at frame 1 77, would not, in my opinion, 
have had any appreciable effect on the gunman’s tracking 



ability, or feeling of confidence that his aim was gtu>d. 
Anyone who has ever driven a ear in a heavy rainstorm, with 
a slow windshield wiper will realize that a partial loss of 
visual acuity lor a hall-second would nol seriously affect 
a gunman's ability to perform good tracking, particularly 
when most «if the car was still clearly visible through the 
holes in the trees. And if we remember that the decision to 
squeeze the trigger must have been made a few tenths of a 
second before the bullet was fired, the effect of the ob- 
scuring tree should have been negligible on the actions of 
the gunman, for a shot fired at frame 177. 

I find it strange, on reading the testimony of experts on 
firearms (which I certainly am not), that they all looked at 
the photographs taken through the trees and testified 
whether or not a gunman could have fired at particular 
frame numbers. They treated the subject as though it was 
static— as though the gunman was presented with a sta- 
tionary target behind a tree. They looked at the still pho- 
tographs taken from the window in this static way, and 
decided that the gunman could have fired at certain frame 
numbers (when the President's body showed through a 
hole), but not at other times, when it was eclipsed. I can 
appreciate how they could have said such things under the 
stress of the investigation, when asked to comment on a set 
of still pictures, but I tun surprised that no one mentioned 
what the real situation was like, with a large moving object 
containing a specific target fixed in its moving frame, that 
had a very nearly constant angular velocity with respect to 
the gunman I don’t believe a gunman would have been 
deterred from firing at frame 177. and I consider it most 
likely that the shot fired at that lime was the one the 
Commission concluded missed the car and was unrccovcred. 

To return to the FBI's (assumed) minimum possible 
firing interval of 2.3 see, we should compare this lime with 
my best estimate of the time interval between what I iden- 
tified as the first two shots. From frame 177 to frame 216 
is 2.1 3 sec. To make this conform to the 2.3-scc limit, it is 
only necessary to change the liming of the two shots by one 
and a half frames each; if the first occurred at 1 75.5 and the 
second at 217.5, the time interval would be 42/ 1 8.3 = 2.3 
see. Such a procedure of altering estimated numbers within 
their known errors is a standard technique in my own 
physics specialty of bubble chamber event analysis. We have 
complicated computer programs that alter measured angles 
and measured momenta of tracks (within the known errors) 
to match the constraints imposed by the laws of conserva- 
tion of energy and momentum. Just as a bubble chamber 
physicist uses a “fitting routine” to make his events match 
a known constraint, I have shown that I can fit the 2.3-sec 
time interval constraint by two small adjustments in esti- 
mated frame number. Since the two changes of ±1.5 frames 
arc small compared to the extrapolation of five frames each, 
made to arrive at the two unfitted estimates, and since no 
one would really believe that such extrapolations were more 
accurate than 1.5 frames, I believe that the filling procedure 
is justified. I lowcver, if the reader dislikes ihis fitting pro- 
cedure, he can still accept my “unfitted estimates,’’ by 
learning that the CBS tests turned up a “technician w ho had 
one hit and two misses” (at a moving car, in a three-di- 
mensional mockupof the Dcaley Plaza) “in 4.1 sec.’’ m This 
is remarkably like the apparent performance of the 
marksman identified by the Commission as Lee Harvey 
Oswald and reduces the permissible limejnterval to 2.05 
sec, which is within my unfitted estimate of 2.1 3 see. 



